Objectives: Telomere length (TL) is a biomarker of aging and age-related decline. Although venous blood is considered the "gold standard" for TL measurement, its collection is often not feasible or desired in nonclinical settings. Saliva and dried blood spots (DBS) have been used as alternatives when venipuncture cannot be performed. However, it is not known whether these sample types yield TL measurements comparable to those obtained from venous blood. We sought to determine whether different samples from the same individual yield comparable TL measurements.
| I NT ROD UCTI ON
Telomere length (TL) is a biomarker of age, age-related decline and disease (Baird, 2006; Baker and Sprott, 1988; Epel et al., 2004; Harley, Futcher, & Greider, 1990; Hornsby, 2007; see von Zglinicki and Martin-Ruiz, 2005 for review) . TL has shown a predictable pattern of decline with age when measured from DNA extracted from whole blood collected by venipuncture (Aviv et al., 2008; Iwama et al., 1998; Rufer et al., 1999; Vaziri et al., 1994; see M€ uezzinler, Zaineddin, & Brenner 2013 for review) . Although use of venous blood is common in clinical and biomedical settings, venipuncture is a relatively invasive, costly, and laborintensive means of sample collection. This presents several obstacles for population-and field-based research studies, establishing a need for minimally invasive, cost-effective protocols to facilitate the collection of large sample sets across a range of nonclinical settings (McDade, Williams, & Snodgrass, 2007; Nussey et al., 2014) . As population aging is a growing concern worldwide, there is an urgent need to understand aging and age-related health decline in understudied populations. The ability to measure TL in saliva and dried blood spots (DBS) is an attractive alternative to blood telomere length (BTL-often called leukocyte TL due to the predominance of DNA contributed by white blood cells) because these samples can be collected using minimally invasive techniques, pose less risk to participants, and tend to be more acceptable cross-culturally. Additionally, these sample types do not require immediate processing or cold storage and can be more easily transported.
Although many studies have measured TL in saliva (e.g., Chen et al., 2015; Gotlib et al., 2015; Lapham et al., 2015; Theall, Brett, Shirtcliff, Dunn, & Drury, 2013; Whisman, Robustelli, & Sbarra, 2016) and DBS (Chae et al., 2014; Edmonds, Côt e, & Hampson, 2015; Zanet et al., 2013) , few studies have explicitly evaluated whether TL measured using minimally invasive sample types (specifically those that are suitable for field-based research) is correlated with TL measured from venous blood (see Mitchell et al., 2014, supplemental material) , or examined the degree of similarity between TL measurements derived from different sample types. We measured TL in a matched dataset of saliva, capillary blood and venous blood from 40 women. We expected that biological sample types composed primarily of leukocytes would yield TL measurements correlated with TL measured from buffy coat (the concentrated layer of leukocytes that accumulates between the plasma and red blood cell liquid layers following centrifugation of blood). We used the monochrome multiplex quantitative polymerase chain reaction (MMQPCR) assay to measure TL in buffy coat, saliva and DBS samples. Where possible, we compared TL measured from buffy coat to TL measurements from Oragene-collected saliva (passive drool method), Oasis-collected saliva (combined buccal abrasion/mouthwash method), venous dried blood spots (vDBS), and DBS from finger stick (fDBS; herein referred to as capillary blood, but see Daae, Halvorsen, Mathisen, & Mironska, 1988) to determine if TL from the same individual correlated across sample types and to evaluate the degree of similarity between these values.
| M ETH ODS

| Samples
Samples came from venous blood, capillary blood and saliva collected from a convenience sample of 200 residents of Eugene, OR aged 18-77 years. These samples, known as the Eugene200 Validation Sample Set, were collected for use in the validation of potential biomarker assays to incorporate into future data collection waves and analyses carried out by the WHO's Study on global AGEing and adult health (SAGE) (Kowal et al., 2012) .
We selected a subset of 40 females from among the 88 female samples for this study who represented the 2 extremes of the age range. Participants were divided into 2 cohorts. The younger cohort comprised 20 women aged 18-24 years. The older cohort comprised 20 women aged 40-77 years.
Participants completed a brief, self-report health questionnaire and provided 4 different sample types (Figure 1 ). We collected three 7 mL EDTA-coated glass vials of venous blood from each individual. One vial of venous blood was used to pipette five 50 lL drops of blood per card onto 15 standard Whatman 903 protein saver cards (GE Healthcare, Little Chalfont, Buckinghamshire, UK) for a total of 75 venous DBS per participant. The other 2 tubes were centrifuged to obtain plasma, and buffy coat was collected from one of these 2 tubes. Capillary blood was collected using a single-use finger stick lancet, and two 50 lL drops of blood per card were stored on a total of 5 DBS cards for a maximum of 10 capillary DBS (fDBS or finger stick DBS) per participant. All blood samples were stored at 2808C prior to analysis. The fDBS collection was carried out according to the protocol outlined in McDade et al. (2007) . For a detailed explanation of DBS and whole blood collection procedure, see Eick, Urlacher, McDade, Kowal, and Snodgrass (2016) .
Participants provided saliva samples using 2 different modes of collection, the Oragene DNA Self-Collection kit (DNAGenotek by OraSure Technologies, Inc., Bethlehem, F IGUR E 1 Sample types collected. Four different sample types were collected using 5 different methods: Buffy coat; venous blood stored on DBS cards (vDBS); capillary blood stored on DBS cards (fDBS); saliva collected using the Oragene kit; and, saliva collected using the Oasis kit. The Oragene collection protocol requires participants to spit into a tube until 2 mL of saliva has been collected (indicated by a black line). The Oasis collection kit calls for participants to gently abrade the inside of their cheek using the plastic cheek-scraping tool provided, rinse their mouth with solution provided in a collection cup, and then spit this solution into the collection cup. The end of the cheek-scraping tool used to abrade the cheek is also placed in the collection cup before sealing PA) and Oasis DNA . SAL kit (Oasis Diagnostics Corporation, Vancouver, WA). Both types of saliva sample were collected according to the respective manufacturer's protocol and were stored at room temperature.
IRB approval for sample collection was obtained from the University of Oregon Committee for the Protection of Human Subjects and all participants provided informed consent.
| DNA extractions
DNA from frozen buffy coat samples was extracted using the QIAGEN PureGene Blood Core kit (QIAGEN Inc., Hilden, Germany). DNA from Oragene saliva was extracted using PrepIT L2P (DNA Genotek) following the manufacturer's protocol. DNA from Oasis saliva was extracted using the MiniSAL DNA Isolation kit (Oasis Diagnostics) following the manufacturer's protocol. DNA was extracted from DBS stored on Whatman 903 protein saver cards using the magnetic bead-based ChargeSwitch Extraction kit (Thermo Fisher Scientific, Inc., Waltham, MA) according to the manufacturer's protocol for DBS with the following modifications: two 6-mm DBS punches (sliced as thinly as possible with a razor blade) were incubated for 8 h in the buffer provided, and samples were vortexed after the first and second hours of incubation. DBS samples were eluted in 60 lL Elution Buffer to concentrate them. We tested several different protocols to determine which extraction method yielded the largest quantity of DNA from DBS samples ( Table 1 ). All DNA extracts were stored at 2208C.
| DNA quantification and A260/A280 ratio
Concentration of double-stranded DNA extracted from buffy coat and saliva samples was determined using the high sensitivity Qubit kit (accurate for initial sample concentrations from 10 pg/lL to 100 ng/lL; Thermo Fisher Scientific) and a Qubit 2.0 Fluorometer (Thermo Fisher Scientific). All buffy coat samples and saliva samples were diluted to a working stock concentration of 2 ng/lL in PCR-grade water and single-use aliquots were kept frozen at 2208C. DBS extractions were not further diluted due to their low DNA concentrations. A NanoDrop spectrophotometer (Thermo Fisher Scientific) was used to assess the A260/A280 ratios of the buffy coat and saliva samples. Six buffy coat and 14 Oasis samples yielded A260/A280 values outside the typical range of sufficient sample purity. However, because provisional exclusion of these samples from the dataset did not significantly change associations between TL and age or between TL in different sample types, these samples were included in all subsequent analyses.
| Multiplex assay to determine relative TL (T/S ratio)
We assessed relative TL using the monochrome multiplex TL assay (Cawthon, 2009 ) on a BioRad CFX96 thermocycler (Bio-Rad Laboratories, Inc., Hercules, CA) using the following cycling profile: denaturation and Taq activation for 15 min at 958C; 2 cycles of 2 s at 988C followed by 30 s at 498C; 50 cycles of 2 s at 988C; 30 s at 598C; 15 s at 728C with signal acquisition; 30 s at 848C and 15 s at 858C with signal acquisition; 608C for 1 min, and then a melt curve from 60 to 978C at increments of 18C for 5 s at each temperature.
PCR reactions were performed in a volume of 25 lL using the following reagents (final concentrations in the reaction are indicated in parentheses): AmpliTaq Gold DNA polymerase (0.625U; Applied Biosystems by Thermo Fisher Scientific), 13 PCR Gold buffer (50 mM KCl, 1.5 mM Tris-HCl; Applied Biosystems), MgCl 2 (3 mM; Applied Biosystems), Betaine well HeLa genomic DNA) and 2 negative controls (no template) control wells were included on each plate. All experimental samples were assayed in triplicate. Assays were performed using 96-well PCR plates (8 rows 3 12 columns; Applied Biosystems). The first and last rows and the first and last columns were not used to avoid "edge effects" (Eisenberg, Kuzawa, & Hayes, 2015) . Plates were sealed using clear qPCR strip-caps (Thermo Fisher Scientific).
| Data processing
For all runs, melt curves and amplification curves were examined to assess run and sample quality. Outlier wells were excluded, and we confirmed the absence of contamination in the negative controls. Cawthon's standard curve-based T/S ratio is a relative measure of TL. This is defined as the number of nanograms of the standard DNA that matches the experimental sample for copy number of the telomere template (T), divided by the number of nanograms of the standard DNA that matches the experimental sample for copy number of the single copy gene (S, albumin) (Cawthon, 2009) . Baseline-subtracted curve fit predicted concentration data were exported to Microsoft Excel for both the telomere product and the albumin product. T/S ratios for each sample replicate were calculated, and subsequently the mean was calculated. For the standard curve telomere product (T), mean R 2 was 0.99, with a mean efficiency of 90.48% across all plates. For the standard curve single copy gene product (S), mean R 2 was 0.99 with a mean efficiency of 101.52%. Samples that did not fall within the standard curve for either the telomere amplicon or the albumin amplicon were rerun on a plate with a 6-point standard curve (range 150-0.62 ng, 3-fold dilutions). In addition, samples with an intraassay coefficient of variation (CV) based on 3 replicate wells of greater than 15% were rerun. For samples with an intraassay CV of <15%, the mean T/S value of a sample was calculated, and the replicate that deviated most from the mean was marked as a potential outlier. The mean was then recalculated without the outlier, and this value was then divided by the value of the potential outlier. If the absolute log value of this ratio was >0.4, the value was excluded (Needham et al., 2015) .
| Data filtering and quality control
The MMQPCR assay for TL measurement has been shown to be sensitive to error (Aubert, Hills, & Lansdorp, 2012; Bustin et al., 2009; Eisenberg et al., 2015) . We therefore implemented several quality control measures. The filtering criteria are given in Figure 2 . Briefly, samples that did not amplify were removed. Next, samples that fell outside the range of at least one of the standard curves (for either T or S) were removed. Subsequently, percent standard error (SE) was calculated for each T/S ratio and used as the third criterion for sample exclusion. Unlike CV, SE is sensitive to sample size and is therefore a better measure of the validity of TL values yielded by the qPCR assay (Eisenberg et al., 2015) . Samples were excluded if the SE exceeded 8.66%; this value is comparable to a CV of 15% for 3 replicates (Eisenberg et al., 2015) . Our final dataset included 35 buffy coat samples, 39 Oragene samples, 37 Oasis samples, 4 venous DBS, and 6 capillary DBS samples. Due to the marked reduction in DBS sample size, no further statistical analyses were performed on these datasets. T/S ratios for all buffy coat, Oragene, and Oasis samples that were successfully amplified and included in statistical analyses are provided in Supporting Information Table S1 and descriptive statistics for each of these datasets can be found in Supporting Information Table S2 .
| Age association
Leukocyte TL has consistently shown a negative association with age (see M€ uezzinler et al., 2013) . Because of this, we tested for the presence of this association in each sample type as a measure of external validity before carrying out inter-sample correlation analyses (Eisenberg et al., 2015) . Spearman's rank correlation was used to determine if TL in buffy coat, Oragene, and Oasis samples correlated with chronological age. Buffy coat and Oragene saliva TL showed the expected negative correlation with age (q 5 20.47, P 5 .002; 95% CI: 20.71, 20.15; q 5 20.29, P 5 .04; 95% CI: 20.58, 0.05, for buffy coat and Oragene, respectively; Supporting Information Table S3 ). TL measurements from Oasis saliva failed to display the expected negative association with age (Supporting Information  Table S3 ). After applying our quality control and filtering criteria the DBS datasets were drastically reduced. As a result, we did not test for correlations between age and TL in vDBS and fDBS samples.
In addition, to compare how well buffy coat, Oragene, and Oasis measurements of TL reflect chronological age, we fit linear regression models and compared their fit using the Akaike Information Criterion (AIC), where lower AIC scores indicate a better fit. For this analysis, the 3 datasets were reduced to the individuals with data for all 3 sample sources (n 5 28). Of the 3 modeled measurements, the buffy coat data had the best fit (AIC 5 246.3; dAIC 5 0.0; w i 5 0.720; ER 5 1.38). When each was compared with the buffy coat model, the Oragene model performed better than the Oasis model (AIC 5 248.5; dAIC 5 2.2; w i 5 0.237; ER 5 3.04, and AIC 5 251.9; dAIC 5 5.6; w i 5 0.043; ER 5 16.74, respectively).
| Quantifying MMQPCR assay variation
The intraclass correlation coefficient (ICC) was calculated using a one-way random effects model. This statistic provides a ratio of between plate variance to overall variance and avoids the issues of data heteroscedasticity and differing Y-intercepts between variables that can weaken the reliability of CV as a quality control measure for TL analyses (Eisenberg, 2016; Eisenberg et al., 2015; Verhulst et al., 2015) .
Intra-assay CV and inter-assay CV were also calculated. These values represent the amount of variation among positive assay replicates on each plate, averaged across all 15 plates, and a comparison of average positive control T/S values run on all 15 plates, respectively.
A total of 49 samples were assayed more than once. Of these samples, 59.2% were assayed twice, 38.8% were assayed 3 times, and 2% were assayed 4 times, on separate plates. The ICC for all positive controls run across 15 plates was 0.91 (95% CI: 0.81, 0.96). Our ICC indicates substantial reproducibility of the TL assay results and is consistent with ICC values reported previously for the monochrome multiplex qPCR-based TL assay (Eisenberg, Borja, Hayes, & Kuzawa, 2017a; Eisenberg, Tackney, Cawthon, Cloutier, & Hawkes, 2017b; Lan et al., 2009 Lan et al., , 2013 Shen et al., 2011) . The mean intra-assay CV was 6.64% and the mean interassay CV was 11.74% for positive controls run across all 15 plates.
| Statistical analyses
Data were log-transformed to perform paired t-tests between buffy coat and Oragene, buffy coat and Oasis, and Oragene and Oasis datasets to assess the relative similarity of TL estimates yielded by these sample types. BlandAltman plots were generated to assess the agreement in TL obtained from pairwise comparisons of buffy coat and Oragene T/S, buffy coat and Oasis T/S, and Oragene and Oasis T/S. Spearman's rank correlation was used to determine if TL measurements from buffy coat, Oragene, and Oasis samples were correlated.
All statistical analyses were performed using RStudio: Integrated Development for R (2015). GraphPad Prism 5 was used to generate Bland-Altman agreement analysis plots. P values < .05 were considered significant. The mean SE was 3.03% for buffy coat, 2.21% for Oragene saliva, 2.01% for Oasis saliva, 46.8% for vDBS, and 22.3% for fDBS for all samples that were successfully amplified (those that passed the first and second data filtering steps; see Figure 2 ).
3.2 | Oragene saliva and buffy coat TL were correlated and significantly different T/S ratios for buffy coat, Oragene, and Oasis sample sets were significantly different (Table 3, Supporting Information  Table S2 and Figure 3A ). Mean buffy coat T/S was greater than mean Oragene T/S by 0. Bland-Altman plots showed strong bias for all pairwise comparisons ( Figure 3B-D) . None of these data clustered around the zero line, as would be expected if TL measurements across these sample types were equivalent. Limits of agreement (LoA), which are used to indicate the relative precision of measurements, were broadest for the comparison between buffy coat and Oasis TL (bias 6 SD: 0.66 6 0.45; LoA, lower and upper: 20.23 to 1.55) and narrowest for the comparison between buffy coat and Oragene TL (bias 6SD: 0.26 6 0.31; LoA, lower and upper: 20.34 to 0.86). Although the buffy coat-Oragene Bland-Altman plot showed greater measurement precision than the other pairwise comparisons, the agreement in TL between different sample types was ultimately poor.
Intra-individual buffy coat and Oragene saliva T/S ratios were significantly correlated (q 5 0.48, P 5 .002, n 5 34; Figure 4 and Table 4 ). Oasis saliva T/S was not correlated with either buffy coat or Oragene saliva T/S (Table 4) . As noted, the DBS datasets were drastically reduced, which limited further analysis. As a result, these samples were not tested for correlation with other sample types.
| D IS C US S I ON
Currently, population-level studies of aging have only a few options for collecting high-quality biological samples in the field. To our knowledge, few studies have explicitly evaluated whether TL measured from minimally invasive sample types (e.g., saliva and DBS) is correlated with TL measured from matched venous blood (e.g., Mitchell et al., 2014) or characterized the magnitude of similarity in TL values. Based on the literature, we predicted that samples composed predominantly of leukocytes would yield TL values correlated with TL from buffy coat extracted from whole blood and evaluated this prediction using a dataset of TL measurements from matched buffy coat, saliva and DBS samples. Consistent with our prediction, we found that TL measured from buffy coat and Oragene samples was correlated within individuals; however, TL in buffy coat and Oragene samples differed substantially across the range of TL estimates for each sample type (Table 3 and Figure 3 ). This indicates that TL measured from Oragene-collected saliva should not be directly compared with TL measured from venous blood. Low SE is indicative of greater measurement reliability. All extractions that were successfully amplified (i.e., passed data filtering steps 1 and 2 in Figure  2 ) are included in averages. Nevertheless, despite the poor agreement between buffy coat and Oragene TL in terms of actual T/S ratios, the correlation between these sample types as well as their confirmed negative association with age suggests each may serve as appropriate biomarkers of aging and age-related decline. Note, however, that the negative correlation between buffy coat TL and age was stronger than that between Oragene TL and age. Oasis saliva and DBS were not found to be suitable options, albeit for different reasons. On the one hand, although Oasis samples yielded adequate quantities of DNA, TL in this sample type showed no correlation with age or with TL in buffy coat or Oragene samples. On the other hand, DBS DNA yields were most often too low for reliable TL measurement using the MMQPCR assay.
There are several factors that may account for the differences in TL we observed between sample types. First, TL has been shown to be tissue-and cell-type specific (Daniali et al., 2013; de Lange et al., 1990; Lin et al., 2016; Rufer, Dragowska, Thornbury, Roosnek, & Lansdorp, 1998; Rufer et al., 1999; Weng, 2001; Weng, Levine, June, & Hodes, 1995) . Previous research has shown that the majority of cells found in samples collected using buccal swab, mouthwash, and cytobrush techniques are epithelial in origin (Endler, Greinix, Winkler, Mitterbauer, & Mannhalter, 1999; Thiede, Prange-Krex, Freiberg-Richter, Bornhäuser, & Ehninger, 2000) , while whole saliva samples most often contain a larger proportion of leukocytes (Garcı a-Closas et al., 2001; Rogers, Cole, Lan, Crossa, & Demerath, 2007; RylanderRudqvist, Hakansson, Tybring, & Wolk, 2006) . Unlike leukocyte TL, buccal epithelial TL does not show a pattern of decline with age (Thomas, O'Callaghan, & Fenech, 2008) . Therefore, correlation between TL measured in samples dominated by buccal cells and those composed primarily of leukocytes is not to be expected (Thomas et al., 2008) . Second, DNA extraction method (Cunningham et al., 2013; Raschenberger et al., 2016) , differences in execution of common laboratory techniques (e.g., pipetting), and differences in PCR sample preparation can all affect DNA quantification due to the vulnerability of telomeric DNA to degradation and the inherent sensitivity of the qPCR assay (Aubert et al., 2012; Aviv et al., 2011; Bustin et al., 2009; Eisenberg et al., 2015; Nussey et al., 2014; Olsen, B erub e, Robbins, & Palsbøll, 2012) .
| TL measured from Oragene saliva
Saliva is an appealing option for field-based research because it is low-risk and easy to collect in nonclinical settings. The prospect of incorporating TL measurements from Oragene-collected saliva into large-scale epidemiological analyses is strengthened by numerous reports of consistently high DNA yields from Oragene samples (Hansen, Simonsen, Nielsen, & Hundrup, 2007; Iwasiow, Desbois, & Birnboim, 2011; James, Iwasiow, & Birnboim, 2011; Nunes et al., 2012; Rogers et al., 2007; Rylander-Rudqvist et al., 2006) , especially when compared with samples collected using buccal swabs or similar techniques (Hansen et al., 2007; Rogers et al., 2007) . Additionally, multiple studies have shown that Oragene samples can be stored at room temperature for long periods of time without compromising DNA quality Nunes et al., 2012) , although it is not known if this affects TL measurements. As measuring TL from Oragene-collected saliva has become more and more common (e.g., Chen et al., 2015; Gotlib et al., 2015; Lapham et al., 2015; Theall et al., 2013; Whisman et al., 2016) , most likely due to the relative ease of collection (Chen et al., 2015) and assumption that salivary TL is comparable to BTL (Gotlib et al., 2015; Whisman et al., 2016) , it has become increasingly important to not only confirm that buffy coat and Oragene-collected salivary TL are correlated, but also to determine the degree to which measurements from these 2 sample types are similar.
| TL measured from buffy coat
Most telomere research has relied upon leukocyte DNA isolated from peripheral blood mononuclear cells (PBMCs) (M€ uezzinler et al., 2013) . Our study is one of very few to use buffy coat as a primary source of leukocyte DNA. Our buffy coat DNA yields were, in general, lower than the DNA yields obtained from the Oragene saliva samples, and low DNA concentration likely caused some buffy coat samples to fail our quality control measures (Figure 2 ). This was surprising as buffy coat is routinely used as a source for highquality DNA in qPCR-based research, including some TL studies (McDonnell et al., 2017; Mirabello et al., 2009; Wolkowitz et al., 2011) . However, yields of DNA from frozen buffy coat have been found to be lower, have high interindividual variability, and can be more difficult to process than the all-cell-pellet of whole blood (Gail et al., 2013) . Furthermore, participant variables (e.g., sex, age, BMI, health status, tobacco consumption), sample processing times or techniques, and manual versus automated DNA extraction have also been found to significantly affect DNA yields from buffy coat (Caboux et al., 2012) . These factors, either alone or in combination, may have contributed to the low buffy coat DNA yields obtained in this study and may also affect field-collected samples.
Despite these factors, we found a significant correlation consistent with the findings of Mitchell et al. (2014) , namely that TL in Oragene-collected saliva and PBMC samples was significantly correlated (r 5 0.72, P 5 .002). Because buffy coat is a less pure sample of WBCs as compared with PBMC isolate, a more moderate correlation than that of Mitchell et al., (2014) is to be expected.
4.3 | TL measured from Oasis-collected saliva is not correlated with buffy coat TL Oasis TL measurements were significantly different from those derived from buffy coat or Oragene samples (Table 3 and Figure 3 ). We also found no significant correlation between Oasis TL and TL measured from buffy coat extracted from venous blood. This suggests Oasis sample cellular composition is substantially different from the other F IGUR E 4 Buffy coat-Oragene saliva TL correlation. Spearman's rank correlation for buffy coat TL and Oragene saliva TL. TL showed a significant positive correlation between these sample types (Spearman's q 5 0.48; P 5 .002) sample types tested in this study (Rogers et al., 2007) . Because TL measurements from buccal cells show no correlation with age or with BTL (Thomas et al., 2008) , and because samples collected using mouthwash, buccal swab, or similar oral sample collection techniques are typically dominated by cells from the buccal epithelium (Endler et al., 1999; Thiede et al., 2000) , the absence of a correlation between Oasis TL measurements and those from the other 2 sample types may, in part, be the result of the mouthwash and/or buccal abrasion steps included in the Oasis collection protocol that could have introduced a substantial number of buccal epithelial cells into the samples. Oasis saliva samples may have also contained a disproportionate amount of preapoptotic, senescent or near-senescent buccal epithelial cells, resulting in lower mean TL values than might be observed in a tissue sample from oral mucosa (Thomas et al., 2008; Zayats et al., 2009 ). Additionally, oral samples collected using methods that include epithelial abrasion (e.g., Oasis, buccal swab, and cytobrush techniques) have been shown to yield lower quality DNA when compared with whole blood or saliva collected by passive drool (e.g., Oragene) (Garcı a-Closas et al., 2001; Hansen et al., 2007; Zayats et al., 2009) . Although TL in Oasis saliva showed no correlation with age or TL from other sample types, we encountered no major difficulties in obtaining adequate yields or amplifying DNA from this sample type (Table 2 ). This further indicates that real sample type-specific differences in cell composition may underlie the discrepancy between TL measured in Oasis samples as compared with those from buffy coat and Oragene saliva samples.
| DBS DNA yields were insufficient for qPCR amplification
Unlike saliva samples, DBS samples yielded extremely low quantities of DNA, despite preliminary testing of several DBS-specific DNA extraction methods to establish which yielded the highest quality and quantity of DNA (Tables 1,  2 ). The drastic reduction in DBS datasets (90% and 85% of samples removed from vDBS and fDBS datasets, respectively; Figure 2 ) following quality control measures precluded further statistical analysis. The failure to amplify was likely due to the extremely low DNA concentrations observed in these samples.
Whatman 903 protein saver cards were chosen because they are widely used for large-scale DBS sample collection, broadening the utility and possible application of our findings. Although FTA cards are specifically designed for DNA collection, they have been used less frequently in field-based research and may pose technical issues similar to the ones encountered in this study when amplifying extracted DNA using qPCR (see Nattrass, Banks, & Pitchford, 2011) .
A drop of blood collected on a DBS card typically only contains approximately 50 lL of whole blood (McDade et al., 2007) : to account for possible limitations imposed by small sample volume, we tested 2 different extraction protocols using two, three, or four 6-mm DBS punches. DNA yields for 2-and 3-punch samples were low but essentially equal, while 4-punch samples showed lower DNA concentrations and were more difficult to work with due to the larger amount of filter paper in the sample.
Finally, it is of note that the DBS samples used in our study were collected, dried and stored under optimal conditions for sample preservation. Field-based collections are typically carried out in settings where ideal preservation measures are not possible; this may result in even greater difficulty when attempting DNA extractions from DBS collected in the field. Although alternative methods of blood collection (e.g., capillary tube from finger prick) may yield sufficient quantities of DNA for PCR amplification, such methods were not included in our study due to sample processing and cold storage requirements that preclude their widespread use in field-based research.
| Considerations for future research using minimally invasive sample types
Minimally invasive samples are an appealing option for use in biomarker analyses, particularly for collecting large numbers of samples in the field or other nonclinical settings. However, experimental design and methodology must be considered if TL is to be effectively incorporated as a biomarker of aging and disease in population-and field-based research. Our results demonstrate that TL is not consistent across all biological sample types or methods of sample collection. Given that shorter BTL has often been used as evidence of the cumulative impact of environmental, behavioral or psychosocial stressors on health, it is important that all values used to identify such effects are derived from sample types that display the negative association between TL and age upon which such hypotheses rely (Eisenberg, 2016; Eisenberg et al., 2015) , and also contain comparable cell population ratios.
Although buccal swab and abrasion techniques are commonly used and cost-effective methods of sample collection, DNA from samples collected by these means does not appear suitable for measuring TL as a biomarker of aging. Similarly, while DBS are routinely collected from neonates in over a dozen countries and allow for simple and rapid testing for metabolic disorders, HIV infection, and other conditions, our results demonstrate that DNA from blood stored on Whatman 903 DBS cards may be an impractical choice for TL analysis until extraction protocols are optimized to consistently yield greater quantities of DNA. DNA cleanup methods might enhance DBS extraction quality and improve the likelihood of successful qPCR amplification; however, such protocols will remain infeasible until greater DNA yields can be consistently produced from this sample type due to the expected loss of some DNA during clean-up.
The advantages of minimally invasive collection methods over venipuncture include both the relative ease of collection, and, generally, the lower per-participant cost. Although we observed a significant correlation between Oragene and buffy coat TL, the Bland-Altman plot for this comparison displayed strong bias, indicating that TL measurements derived from these 2 sample types are substantially different. These findings should be verified in larger datasets. Future research should aim to identify the source of measurement variability by employing cell-sorting techniques to characterize the composition of blood and saliva samples. This will help to determine the relative effect of sample type as compared with extraction method on TL estimates.
| Potential study limitations
Our study had several potential limitations. First, while we suspect cellular composition differed by sample type, we were unable to evaluate cell type frequencies in our samples to test this supposition. Previous genetic analyses have found no correlation between buccal cell TL and age in adults (K€ uffer, O'Donovan, Burri, & Maercker, 2016; Thomas et al., 2008) . Furthermore, the predictive capacity of epigenetic models of age using saliva and buccal swab samples deteriorates in direct proportion to the amount of buccal cells present in the sample (Eipel et al., 2016) . In the future, characterization of each sample type's cellular makeup could be used to test the presumed effect of sample type on TL estimates (Eipel et al., 2016; Thiede et al., 2000) to more definitively determine which sample types are truly suitable for use in age-related telomere research.
Second, sample types from the same individual were positioned randomly on plates with respect to the well positions of that sample on other plates. Because previous studies have shown that well position can significantly affect qPCRbased TL estimates (Eisenberg et al., 2015) , the random positioning of our samples may have decreased our power to detect correlations between the various sample types. Therefore, inter-sample TL correlation in buffy coat and Oragene samples may in fact be stronger than reported here.
Although Eisenberg et al. (2015) proposed a wellcorrection factor to account for well-to-well variation, we considered application of this correction factor to our dataset inappropriate due to the considerable differences in TL distribution, mean, and variance in different sample types from the sample individual (see Supporting Information Table S2 and Figure 3A) . Furthermore, this correction factor was originally developed for correction of T/S values from the same sample type and across a much larger number of samples that allowed for a better estimate of well-specific effect.
Third, systematic differences in sample collection and DNA extraction protocols may have influenced the disparity observed in TL values between sample types. Salting-out, ethanol precipitation, and column-based extraction methods rely on different chemical reactions to isolate DNA, and these methodological distinctions may lead to differences in TL estimates (Aubert et al., 2012; Aviv, Valdes, & Spector, 2006; Aviv et al., 2011; Cunningham et al., 2013; Eisenberg et al., 2015; Olsen et al., 2012) . As noted previously, we chose to tailor methods of DNA extraction to each sample type to ensure the highest possible accuracy of TL estimates produced by the qPCR assay. Quantitative PCR is a powerful and robust analytical method, but it requires adequate quantities of high-quality DNA to yield accurate data (Aubert et al., 2012; Eisenberg et al., 2015) : although extraction method may change the mean T/S ratio, it is not intrinsically expected to affect correlations between samples extracted by different methods, while DNA samples of insufficient quantity or quality would have prevented us from obtaining reliable TL estimates. However, because we could not account for the influence of methodological differences in DNA extraction technique on TL measurement variation, we are unable to establish whether sample type or extraction method was the primary determinant of differences in TL measurements between sample types.
| C ONCL US I ONS
Understanding how populations age and the factors that contribute to the process of aging and age-related decline requires the evaluation of biomarkers that can be analyzed from biological samples collected from large-scale, fieldbased studies. Using a matched dataset we demonstrate that TL measured from different sample types using the MMQPCR assay is indeed significantly different. Future studies that use TL as a biomarker should be carried out judiciously using verified sample types, and longitudinal studies should ideally be limited to comparisons within the same type of biological sample.
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